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Abstract
The inert doublet model contains a neutral stable particle which is an excellent
dark matter candidate. We discuss in this paper the indirect signatures of this model
in gamma-rays when the dark matter mass is larger than the W boson mass. We show
that, in addition to the featureless gamma-ray spectrum produced in the annihila-
tions into two weak gauge bosons, the model generically predicts a distinctive spectral
feature from the internal bremsstrahlung process H0H0 → W+W−γ. We discuss un-
der which conditions the spectral feature is generated and we construct a number of
benchmark points, compatible with the observed relic density and all other direct and
indirect detection experiments, which lead to a sharp gamma-ray feature from internal
bremsstrahlung.
1 Introduction
The inert doublet model [1, 2, 3] is a minimal extension of the Standard Model which
accounts for the dark matter of the Universe and which consists in introducing one extra
scalar field, odd under an unbroken Z2 symmetry, with identical gauge quantum number
as the Standard Model Higgs. The lightest among the particles of the new sector is then
stable on cosmological scales and, if electrically neutral, constitutes an excellent dark matter
candidate. Indeed, it has been shown that this model can reproduce the correct dark matter
relic density in a low mass regime, 10GeV .MDM .MW , and a high mass regime, MDM &
500GeV, for reasonable values of the model parameters and without fine-tunings, as well as
in an intermediate mass regime, MW . MDM . 150GeV, for special choices of the model
parameters. However, as for all other dark matter models proposed, no signature of the inert
Higgs doublet model has been observed apart from the gravitational effects of the dark matter
particles in the dynamics of galaxies, clusters of galaxies or the Universe at large scale. The
inert Higgs doublet model offers, however, a rich phenomenology and predicts potentially
observable effects in direct and indirect dark matter searches [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13],
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collider searches [3, 14, 15, 16, 17], electroweak precision tests [3, 18] or the Higgs diphoton
decay rate [19, 20, 21].
In this work we will focus in the possibility of detecting signatures of the inert Higgs
doublet model through the observation of the gamma-rays which are predicted to be pro-
duced in the dark matter annihilations. More specifically, in the high mass regime, the dark
matter particle annihilates mostly in the channels H0H0 → W+W−, Z0Z0, hh, tt¯ while in
the low mass regime, when the previous decay channels are kinematically forbidden, mostly
through H0H0 → bb¯ (three body annihilations of the type H0H0 → WW ∗ → Wff¯ ′ can
also be important in some regions of the parameter space [11]). The hadronization of the
weak gauge bosons, Higgs boson or quarks produces neutral pions, which in turn decay into
photons generating a gamma-ray flux with a featureless spectrum which could be detected at
the Earth. For reasonable parameters, the gamma-ray flux from dark matter annihilations is
significantly smaller than the, also featureless, diffuse galactic gamma-ray emission. Hence
disentangling a dark matter signal from the astrophysical background requires a very good
understanding of the latter, which is unfortunately still lacking.
A promising strategy to indirectly search for dark matter annihilations is then the search
for spectral features, which might stand out over the featureless diffuse background even for
moderate values of the annihilation cross section [22, 23, 24, 25, 26, 27, 28]. Furthermore,
the observation of gamma-ray features in the energy spectrum would constitute a strong
hint for an exotic contribution in the gamma-ray flux. It has been pointed out that the
inert doublet model produces gamma-ray lines in the annihilations H0H0 → γγ, γZ [6].
These processes arise at the one loop level and therefore the expected cross section is rather
suppressed, σv = O(10−28) cm3 s−1 in the low mass regime [6], which is a factor of a few
below the sensitivity presently attained by the Fermi-LAT [29].
In this paper we will focus on another class of spectral features, stemming from the
three body annihilation H0H0 →W+W−γ. This process is generated through the exchange
of a charged scalar in the t-channel and therefore produces, as discussed in [27], a bump
close to the kinematical endpoint of the gamma-ray spectrum when the mass of the particle
in the t-channel is degenerated to the dark matter mass. This situation naturally occurs
in the high mass regime of the inert doublet model, therefore this signature is generically
expected to appear. We will review in Section 2 the main features of the inert doublet
dark matter model. Then, in Section 3 we will analyze the gamma-ray production via the
internal bremsstrahlung and in Section 4 the possibility of detecting the associated spectral
feature in gamma-ray telescopes. Lastly, we will present our conclusions in Section 5 and
an Appendix containing details of the calculation of the annihilation cross section in the
internal bremsstrahlung process.
2 The inert doublet Model
We consider the Inert Doublet Model (IDM), where the particle content of the Standard
Model is extended by one complex scalar field η, which is a singlet under SU(3)C , doublet
under SU(2)L and has hypercharge 1/2. Furthermore, we postulate a discrete Z2 symmetry
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under which the Standard Model particles are even while the extra scalar η is odd. With this
particle content the Lagrangian can be cast as L = LSM + Lη, where LSM is the Standard
Model Lagrangian including a potential for the Higgs doublet Φ
LSM ⊃ −m21Φ†Φ− λ1(Φ†Φ)2 , (1)
and Lη is the most general Z2 invariant Lagrangian involving the scalar doublet η
Lη = (Dµη)†(Dµη)−m22η†η − λ2(η†η)2 − λ3(Φ†Φ)(η†η)
−λ4(Φ†η)(η†Φ)− 1
2
(
λ5(Φ
†η)(Φ†η) + h.c.
)
, (2)
where Dµ denotes the covariant derivative. Notice that all mass parameters and quartic
couplings can be taken real and that CP is thus conserved. After the electroweak symmetry
breaking, and assuming that the Z2 symmetry remains unbroken, only the Higgs doublet
acquires an expectation value,
〈Φ〉 =
(
0
〈Φ0〉
)
, 〈η〉 =
(
0
0
)
, (3)
where 〈Φ0〉 =
√
−m21
2λ1
≈ 174GeV. Besides the standard model Higgs particle h, the other
scalar particles from the extra doublet η =
(
H+
1√
2
(H0 + iA0)
)
are two charged states H±,
one CP-even neutral state H0 and one CP-odd neutral state A0. In terms of these fields,
the scalar potential in the unitary gauge reads
VScalar =
1
2
(
M2hh
2 +M0HH
02 +M2A0A
02 +M2H+H
+H−
)
+ λ1
(
1
4
h4 +
√
2〈Φ0〉h3
)
+ λ2
(
1
2
A0
2
+
1
2
H0
2
+H+H−
)2
+
(
1
2
h2 +
√
2〈Φ0〉h
)(
λA0A
02 + λH0H
02 + λ3H
+H−
)
,
where
M2h = −2m21 , M2H0 = m22 + 2λH0〈Φ0〉2 , M2A0 = m22 + 2λA0〈Φ0〉2 , M2H+ = m22 + λ3〈Φ0〉2 ,
λH0 =
1
2
(λ3 + λ4 + λ5) , λA0 =
1
2
(λ3 + λ4 − λ5) . (4)
Due to the existence of the Z2 symmetry, the lightest among the extra particles is stable and,
if neutral, also a dark matter candidate. In fact, the role of H0 and A0 can be interchanged
by performing (H0, A0) → (−A0, H0) and λ5 → −λ5. We will assume in what follows, and
without loss of generality, that H0 is the dark matter candidate, which occurs, according to
eq.(4), when λ5 < 0.
The scalar potential eq.(4) is determined by seven independent parameters. Two of
them are already known: they are the Higgs boson mass – which will be assumed equal to
Mh ≈ 125GeV – and the vacuum expectation value of the Higgs field. These two are related
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to the Lagrangian parameters m1 and λ1. Among the remaining five parameters, only one
is dimensionful and can be chosen to be the dark matter mass MH0 . The other independent
parameters can be chosen as λ2, λ3, λ4 and λ5. Notice that the last two determine the mass
splittings between the different exotic particles, concretely
M2H+ =M
2
H0 − (λ4 + λ5)〈Φ0〉2 , M2A0 =M2H0 − 2λ5〈Φ0〉2 . (5)
The quartic couplings are constrained from the requirement of vacuum stability [30]
λ1 > 0 , λ2 > 0 , λ3 > −2(λ1λ2) 12 , λ3 + λ4 − |λ5| > −2(λ1λ2) 12 . (6)
Besides, the unitarity of the S-matrix for scalar-to-scalar scattering sets upper limits on
certain combinations of couplings [31, 32]
λ1 + λ2 ±
√
(λ1 − λ2)2 + λ24 < 8π, λ3 ± λ4 < 8π
λ1 + λ2 ±
√
(λ1 − λ2)2 + λ25 < 8π, λ3 ± λ5 < 8π (7)
3(λ1 + λ2)±
√
9(λ1 − λ2)2 + (2λ3 + λ4)2 < 8π, λ3 + 2λ4 ± 3λ5 < 8π .
Lastly, it is common to impose also perturbativity on the parameters of the model. This
condition along with the vacuum stability requirement significantly constrain the mass split-
tings among the exotic particles. Moreover, for a heavy exotic neutral Higgs (MH0 ≫ MW )
the splitting is relatively small and we expect the particles belonging to the extra doublet
to have nearly degenerate masses. This is consistent with the fact that at very high energies
electroweak symmetry breaking effects are negligible and that therefore the members of any
SU(2)× U(1) multiplet should have similar masses.
Many works have studied the relic abundance of H0 [3, 4, 12, 33, 34, 35] and have
shown that the measured cold dark matter abundance, Ωh2 = 0.1199± 0.0027 [36] could be
reproduced in three scenarios: a low mass regime 10GeV .MH0 .MW , a high mass regime
MH0 & 500GeV, and an intermediate mass regime MW . MH0 . 150GeV. In the low mass
regime the annihilation channels into weak gauge bosons or Higgs bosons are kinematically
closed and only the annihilations into light fermions, with a rate controlled by the size of the
quartic couplings, are possible. The correct relic density can then be generated by adjusting
the values of the quartic couplings, possibly leading to large mass splittings among the
scalar mass eigenstates. For dark matter masses above the W and Z mass thresholds, the
annihilations into weak gauge bosons can be very efficient in general and in fact generate
a dark matter density below the measured value for MH0 . 500GeV. Nevertheless, under
certain circumstances, in the region MW . MH0 . 150GeV, some contributions from the
annihilation diagrams cancel each other out, allowing for another viable region where it is
possible to reproduce the observed relic density [12]. Lastly, whenMH0 & 500GeV, following
the unitarity requirement that the cross section must decrease with the inverse of M2H0 , the
annihilation rate is again small allowing to reproduce the correct dark matter abundance..
In this case, since MH0 ≫ 〈Φ0〉, all exotic scalar states have fairly degenerate masses. In this
paper we will focus in the latter case, where the dark matter particle annihilates into weak
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gauge bosons via the t-channel exchange of a charged scalar which is fairly degenerate in
mass with the dark matter particle. Under these conditions, it is expected an enhancement
of the internal bremsstrahlung in the annihilation, which in turn might lead to an intense
feature in the gamma-ray spectrum.
3 Internal bremsstrahlung in the inert doublet model
The annihilation process into W bosons with the associated emission of a photon, H0H0 →
W+W−γ, is described in the unitary gauge by the fourteen diagrams shown in Fig. 1. The
the first twelve diagrams are proportional to g2e while the last two are proportional to gλHe,
where g and e are, respectively, the weak and the electromagnetic coupling constants and
λH is the quartic coupling entering in the H
0H0h vertex. Note that, following Eq.(4),
λH0 =
1
2
(
λ3 +
M2
H0
−M2
H+
〈Φ0〉2
)
. (8)
Then, the amplitudes of the last two diagrams depend on the quartic coupling λ3 and on
the mass splitting between the exotic charged and neutral scalars.
As discussed in detail in the Appendix, the differential velocity weighted annihilation
cross section can be cast as:
d(σv)W+W−γ
dx
=
d(σv)
dx
∣∣∣∣∣
Gauge
+
d(σv)
dx
∣∣∣∣∣
Quartic
+
d(σv)
dx
∣∣∣∣∣
Interference
, (9)
where each term is separately gauge invariant. In the unitary gauge, the part labelled as
“gauge” receives contributions from the diagrams with a charged scalar in the t-channel and
generates, in addition to the usual contribution from final state radiation, a spectral feature
which is sharper when MH0 = MH+ , since in this regime the scalar propagator is enhanced
for large photon energies [27]. The piece labelled as “quartic”, on the other hand, receives
contributions from the diagrams with the light Higgs in the s-channel and leads to a spectrum
without distinctive spectral features. Then, the shape of the differential photon spectrum
from internal bremsstrahlung essentially depends on the relative weight of the gauge and
the quartic contributions to the cross section, which is in turn determined by the quartic
coupling λ3 and by the mass splitting between H
0 and H+ (the contribution labelled as
“interference” can be safely neglected, as shown in the Appendix).
We show in Figure 2, upper plots, the three different contributions in Eq. (9) as a function
of x = Eγ/MH0 in the limit MH0 = MH+ , which is a good approximation in the high
mass regime of the inert Higgs dark matter model, for the cases MH0=0.5 TeV, 1 TeV
and 5 TeV and for different values of the quartic coupling λ3. The analytic result for the
differential annihilation cross section in this limit is rather complicated and is presented in
the Appendix.1 We also multiply the spectrum by x2 to emphasize the spectral structure.
The blue, green and red lines represent, respectively, the gauge, quartic and interference
1We have used CalcHEP [37, 38] for parts of the analytical as well as for numerical computations.
5
H0
H+
W−
H+
γ
H0 W+
H0
H+
W+
H+
γ
H0 W−
H0
H+
W−
H0
W+
γ
H0
H+
W−
γ
H0 W+
H0
H+
W+
H0
W−
γ
H0
H+
W+
γ
H0 W−
H0
H+
W−
H0 W+
W−
γ
H0
H+
W−
H0
W+
W+
γ
H0
H+
W+
H0
W−
W−
γ
H0
H+
W+
H0 W−
W+
γ H0
H0
W−
W+
W+
γ
H0
H0
W+
W−
W−
γ
H0
H0
h
W−
W+ W+
γ
H0
H0
h
W+
W− W−
γ
Figure 1: Feynman diagrams contributing to the annihilation process H0H0 → W+W−γ in the unitary
gauge.
terms, the latter in absolute value. Besides, the darkest lines correspond to |λ3| = 0 and the
lines become lighter as |λ3| is increased in intervals of 0.4, the lightest lines corresponding to
|λ3| = 2. The pure gauge part produces a spectrum that depends only on the dark matter
mass and that displays a feature close to the endpoint of the spectrum which becomes sharper
and sharper asMH0 increases. The quartic part is proportional to λ
2
3 and becomes more and
more important as |λ3| increases, eventually dominating over the gauge part for values of x
closer and closer to one. For a dark matter mass MH0 = 0.5 TeV and |λ3| = 2 the sharp
spectral feature is practically erased in the total spectrum due to the effect of the final state
radiation, however, for large dark matter masses the sharp spectral feature remains clearly
visible even for |λ3| = 2. This behaviour can be better appreciated in Fig.2, lower plots,
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Figure 2: Contributions to the cross section (top plots) and the total multiplicity of the hard photon
(bottom plots) corresponding to the internal bremsstrahlung process H0H0 →W+W−γ, when the charged
scalar is degenerate in mass with the dark matter particle and mH0 = 0.5 TeV (left plots), 1 TeV (middle
plots) and 5 TeV (right plots). In the top plot, the blue, green and red lines correspond, respectively, to
the gauge, quartic and interference terms, the latter in absolute value. The different darknesses of the lines
correspond to varying the absolute value of the quartic coupling |λ3| between 0 (darkest lines) and 2 (lightest
lines) in intervals of 0.4 (note that for |λ3| = 0 the quartic and interference terms vanish).
where we show the photon multiplicity from internal bremsstrahlung, defined as:
dN IBW+W−γ
dx
=
1
(σv)W+W−
d(σv)W+W−γ
dx
, (10)
where d(σv)W+W−γ/dx is given in Eq. (9). As before, the darkest line corresponds to |λ3| = 0
and the lightest to |λ3| = 2 and the intermediate lines correspond to changing λ3 in intervals
of 0.4.
For completeness, we also analyze the photon multiplicity from internal bremsstrahlung
when the neutral and charged exotic Higgs particles are not degenerate in mass. The result
is shown in Fig. 3, where we fixed λ3 = 0 and we changed λH0 = (λ4 + λ5)/2 from 0 to −2
in intervals of −0.4, from darkest to lightest; the mass splitting corresponding to that choice
of quartic couplings can be easily derived from
M2H+ −M2H0 = −(λ4 + λ5)〈Φ0〉2 . (11)
Remarkably, the spectrum is quite insensitive to the mass splitting, as apparent from the plot,
especially for large dark matter masses. This behaviour can be understood from expanding
the total amplitude squared in the mass splitting:
|M(λ3,MH0 ,MH+)|2 = |M(λ3,MH0,MH0)|2 +O
[(
M2W
M2
H0
)(
M2
H+
−M2
H0
〈Φ0〉2
)]
. (12)
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Figure 3: Total multiplicity of the hard photon produced in the internal bremsstrahlung process H0H0 →
W+W−γ in the presence of a mass splitting between the dark matter mass and the charged Higgs when
mH0 = 0.5 TeV (left plot), 1 TeV (middle plot) and 5 TeV (right plot). In the plots λ3 has been fixed to
zero while (λ4 + λ5)/2, which following Eq. (11) controls the mass splitting, varies between 0 (darkest lines)
and −2 (lightest lines) in intervals of 0.4.
Since (M2
H+
− M2
H0
)/〈Φ0〉2 is of order one according to eq. (11), we find an additional
suppression in the correction term by M2W/M
2
H0
. Therefore, in the limit MH0 ≫ MW the
cross section in the non-degenerate case can be safely approximated by the cross section in
the degenerate case.
4 Gamma-ray signals
To study the prospects to observe the signal from internal bremsstrahlung in gamma-ray
telescopes we have constructed a series of benchmark points defined by the parameters in
table 1. All these points correctly reproduce the observed cold dark matter density, as
illustrated in Fig. 4, upper plot, which shows the predicted dark matter relic density for
various points of the parameter space of the IDM calculated using MicrOmegas3.1 [39],
working under an implementation of the inert doublet model made with FeynRules [40].
The points in cyan were generated by letting the quartic couplings vary linearly in the range
|λi| . 2; the points in orange are the subset of those points which reproduce the correct relic
density, and among them we highlight our benchmark scenarios of the table.2
The inert Higgs doublet model is subject to constraints from direct and indirect dark mat-
ter searches. Assuming that the WIMP-nucleon scattering is dominated by Higgs exchange,
the spin-independent cross-section can be approximated by [3]:
σH0−p ≃
f 2λ2
H0
π
(
m2p
MH0m
2
h
)2
≃ 5× 10−44λ2H0
(
1 TeV
MH0
)2
cm2 (13)
where mp is the nucleon mass, f ≃ 0.3 is the nucleonic matrix element and λH0 was defined
in Eq.(4). We quote in table 2 the spin-independent WIMP-nucleon cross-sections for our
2Dark matter masses larger than 6 TeV are possible in the inert doublet model, provided |λi| & 2. As
discussed in Section 3, larger quartic couplings imply a larger contribution from the final state radiation to
the process H0H0 → W+W−γ, which erases the sharp feature. Therefore, we will restrict in this paper to
|λi| . 2 which implies MH0 . 6 TeV.
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BMP MH0(GeV) MH+(GeV) MA0(GeV) λ3 λ4 λ5 λH0 λA0
1 559.99 561.85 560.67 −0.02 −0.06 −0.01 −0.05 −0.03
2 983.75 993.60 991.79 0.17 −0.38 −0.26 −0.23 0.03
3 2088.3 2090.99 2100.26 0.39 0.46 −0.83 0.01 0.83
4 3596.67 3597.99 3609.7 −0.07 1.24 −1.55 −0.19 1.36
5 4212.49 4213.09 4225.29 −0.58 1.61 −1.78 −0.37 1.41
6 5382.08 5382.21 5392.59 1.08 1.82 −1.87 0.51 2.38
Table 1: Dark matter (H0), charged Higgs (H+) and pseudoscalar (A0) masses, as well as the Lagrangian
parameters λ3,4,5 and the quartic couplings λH0 and λA0 defined in Eq. (4) for our six benchmark points.
BMP
σ(H0p) σv BR(%)
Ωh2
(10−48cm2) (10−26cm3/s) W+W− ZZ hh tt¯ W+W−γ
1 179.70 6.41 50.21 43.50 2.57 0.60 3.03 0.120
2 1565.57 3.95 34.87 22.84 35.97 3.03 3.17 0.122
3 0.44 4.57 13.78 84.24 0.01 0.00 1.84 0.120
4 76.09 3.52 2.36 95.23 1.83 0.01 0.51 0.119
5 215.06 3.14 8.75 83.83 5.80 0.03 1.60 0.117
6 251.71 5.38 9.29 84.92 3.92 0.01 1.86 0.111
Table 2: Scattering cross section with protons, total annihilation cross section, annihilation branching
fractions and relic density in our six benchmark points.
benchmark points calculated with MicrOmegas3.1, which are, as shown in Fig. 4, bottom
left plot, below the present sensitivity of the XENON100 experiment [41]; some of the points
are, interestingly, within the sensitivity of the LUX [42] and XENON1T [43] experiments.
We also quote in the table the annihilation cross section in the dominant 2→ 2 annihilation
channels, H0H0 → W+W−, Z0Z0, hh, tt¯, and which are safely below the limits on the cross
section derived in [44] in each of these channels from the PAMELA data on the cosmic
antiproton-to-proton fraction [45]. These annihilation channels are further constrained by
gamma-ray observations of dwarf galaxies. The flux upper limit derived in [46] based on the
joint analysis of seven Milky Way dwarfs can be translated into an approximate limit of the
total annihilation cross-section (σv) . 5.0× 10−30cm3 s−1 GeV−2(8πM2DM/N totγ ) [47], where
N totγ is the number of photons that are produced per annihilation with energies between 1
and 100 GeV and which we calculate for a given dark matter mass and annihilation channel
using PYTHIA 6.4 [48]. Again, we find that all our benchmark points are below the upper
limits of all the annihilation channels, as shown in Fig. 4, bottom right plot.
All these benchmark scenarios present a prominent gamma-ray feature close to the kine-
matic endpoint of the spectrum, as shown in Fig. 5. In fact, the appearance of such a feature
is generic in the inert doublet model, as long as the relevant quartic couplings λ3, λ4 and
λ5 are not too large, namely not larger than 2. Under these reasonable assumptions, the
dark matter particle and the charged scalar are fairly degenerate in mass. Furthermore, as
argued in Section 3 it is precisely in the scenario with degenerate masses and with quartic
couplings |λi| . 2 when a sharp spectral feature from internal bremsstrahlung is expected
9
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Figure 4: Relic abundance (upper plot), scattering cross section with protons (bottom left plot), and
total annihilation cross section (bottom right plot) obtained from scanning the parameter space of the inert
doublet model. The orange points correspond to those choices that correctly reproduce the cold dark matter
relic abundance and we highlight with numbers our six benchmark points in tables 1, 2. We show, together
with the predicted scattering cross sections, the limits from XENON100, as well as the projected sensitivity
of XENON1T and LUX. Besides, we show together with the total annihilation cross sections the limits
from dwarf galaxies (dashed lines) and antiprotons (solid lines) assuming 100% branching fraction into WW
(green lines) or hh (blue lines).
to be generated.
The photon flux produced in dark matter annihilations and received at the Earth from
a given solid angle in the sky, ∆Ω, is given by
dφγ
dEγ
=
1
8πM2
H0
∑
f
(σv)f
dN tot
dEγ
1
∆Ω
∫
∆Ω
JdΩ , (14)
where (σv)f and
dNtot
dEγ
are, respectively, the velocity weighted annihilation cross-section and
the differential energy spectrum corresponding to the annihilation channel “f”. Besides, the
“J-factor” is the integral of the squared dark matter density ρH0 along the line of sight,
J =
∫
l.o.s.
dsρ2
H0
. We choose for our study the Einasto profile, favoured by recent N -body
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simulations [49, 50, 51],
ρDM(r) ∝ exp
[
− 2
α
(
r
rs
)α]
(15)
with rs = 20 kpc and α = 0.17 [52, 53], as well as the Navarro-Frenk-White (NFW) pro-
file [54, 55]:
ρDM(r) ∝ 1
(r/rs)[1 + (r/rs)]2
, (16)
with scale radius rs = 21 kpc [56], both profiles normalized to a local dark matter density
ρDM(r = 8.5 kpc) = 0.39GeV cm
−3 [57, 58, 59, 60]. We will compare our predicted flux to
the limits recently derived by the H.E.S.S. collaboration from a search for line-like gamma-
ray features in the central part of the Milky Way halo with energies between ∼ 500 GeV
and ∼ 25 TeV [61], which adopts a complicated search region with a J-factor given by
J = 1.2 × 1025GeV2 cm−5 for the Einasto profile and J = 6.4 × 1024GeV2 cm−5 for the
NFW profile [62]. We show in Fig. 6 the integrated flux of the hard photon emitted
in the internal bremsstrahlung process H0H0 → W+W−γ compared to the limits derived
by the H.E.S.S. collaboration for the BM4 benchmark point of [27], corresponding to the
neutralino annihilation χ0χ0 → W+W−γ [63] and which produces a similar spectrum as
H0H0 → W+W−γ. In the plot it was assumed the Einasto profile; the fluxes for the NFW
profile are a factor of two smaller. As apparent from the plot, present instruments are not
sensitive enough to observe the signal from internal bremsstrahlung of the inert doublet
model, unless the annihilation signal is boosted by astrophysical or particle physics effects
by a factor O(10 − 100). Future instruments, such as DAMPE [64], GAMMA-400 [65] or
CTA [66] will, however, close in on the signal of internal bremsstrahlung from the inert
doublet model.
5 Conclusions
We have shown that the spectral feature from internal bremsstrahlung naturally emerges
in the high mass regime of the inert doublet model, namely when MH0 & 500GeV. In
this regime, the higher order annihilation H0H0 → W+W−γ generates, due to the mass
degeneracy between the charged Higgs and the dark matter particle, a distinctive hardening
in the gamma-ray energy spectrum which could be observed over the featureless gamma-
ray background. We have also constructed a series of benchmark points, compatible with
all theoretical and experimental constraints on the inert doublet model, which present an
internal bremsstrahlung feature with an intensity which is one or two order of magnitude
below the H.E.S.S. limits on this class of photon line-like signatures. Future searches for
gamma-ray spectral features by DAMPE, GAMMA-400 or CTA will continue closing in on
the parameter space of the inert doublet dark matter model.
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Figure 5: Predicted photon spectrum from dark matter annihilations in the inert doublet model for the
six benchmark points in tables 1, 2. The red line corresponds to the photon spectrum from the 2 → 2
processes H0H0 → W+W−, Z0Z0, hh, tt¯, following the branching fractions in tables 2, while the blue line
to the 2 → 3 process H0H0 → W+W−γ; the red line shows the total multiplicity resulting from summing
up both contributions.
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Figure 6: Same as Fig. 4, but for the integrated flux of the internal bremsstrahlung feature. We also show
for reference the flux upper limit derived in [61] by the H.E.S.S. collaboration for a “BM4-like”spectral feature
(red line) and the predicted flux calculated from the formulas in the Appendix for the case MH0 = MH+
and |λ3| = 0, 1, 2 (black lines).
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Appendix
The differential cross-section for the process H0H0 →W+W−γ can be written as
dσ =
1
(2π)5J
|M|2d3(PS), (17)
where M is the scattering amplitude, J the initial flux and d3(PS) the three-body phase-
space factor. These are defined by
J = 4E1E2v, where v =
∣∣∣∣ ~p1E1 −
~p2
E2
∣∣∣∣ , (18)
d3(PS) = δ
4(p1 + p2 − pW+ − pW− − pγ)d
3pW+
2EW+
d3pW−
2EW−
d3pγ
2Eγ
. (19)
Here the labelling of the momenta is self-explanatory. We are interested in the limit of zero
dark matter velocity, for which E1, E2 → MH0 . Besides, the three-body phase-space factor
after integration of the delta function can be written as
d3(PS) = π
2M2H0dx+dx, where x+ =
EW+
M0H
and x =
Eγ
M0H
. (20)
The ranges for x+ and x are determined by the energy range of the photon and the W
+ and
are given by
0 < x < 1− 4µ, x+ ≶ 1
2
(
2− x± x
√
1− 4µ
1− x
)
(21)
where µ =
M2W
s
=
M2W
4M2
H0
. As a result we have
d(σv)
dx
∣∣∣∣∣
v→0
=
1
128π3
x+max∫
x+min
|M|2
∣∣∣∣∣
v→0
dx+ (22)
The diagrams that contribute toM in the unitary gauge are shown in Fig. 1. The first twelve
depend on MH+ and MH0 and are proportional to g
2e, where g and e are the weak and the
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electromagnetic coupling constants respectively. On the other hand, the last two diagrams
depend only onMH0 and are proportional to gλHe, where λH is the quartic coupling entering
in the H0H0h vertex. Following Eqs.(4) and (5) we can write the scattering amplitude only
as a function of MH0 , λ3, λ4 and λ5. Furthermore, we notice thatM depends on λ4 and λ5
only through the combination λ4 + λ5.
In order to simplify the expression for the scattering amplitude, we find useful to write the
amplitude in the following way. Since gauge transformations do not depend on the quartic
couplings, M can be separated in two gauge-invariant pieces
M(MH0 , λ3, λ4 + λ5) =MGauge(MH0) +MQuartic(MH0 , λ3, λ4 + λ5) (23)
where the first term is the scattering amplitude when the quartic couplings are set to zero.
Accordingly, the squared amplitude can be cast as
|M|2 = |MGauge|2 + |MQuartic|2 + 2Re
(
MGaugeM†Quartic
)
(24)
The expression for |M|2 is very complicated in general. However, in the limit of zero dark
matter velocity, we find that
|M(MH0 , λ3, λ4 + λ5)|2
∣∣∣∣∣
v→0
= |M(MH0, λ3, 0)|2
∣∣∣∣∣
v→0
+O(µ(λ4 + λ5)) , (25)
since we expect µ to be very small, the dependence on λ4 + λ5 is subdominant. As a result,
it is a good approximation to take λ4 + λ5 ≈ 0 (or MH0 ≈MH+), especially for dark matter
masses much heavier than the W mass. Under that approximation and dropping the label
v → 0, we find
|MGauge|2 = e
2g4
2M2
H0
(x+ − 1)2(x+ x+ − 1)2(x+ − 2µ)2(2µ+ x+ x+ − 2)2[
x6
(
− µ+ x+ − 1
)
+ x5
(
3x2+ + (2µ− 9)x+ − 4µ2 + 6
)
+ x4
(
5x3+ − (µ+ 20)x2+
+ 2(7µ2 − 6µ+ 15)x+ − 10µ3 − 6µ2 + 11µ− 15
)
+ x3
(
5x4+ − (6µ+ 25)x3+
+ 2(3µ2 + 6µ+ 25)x2+ + (40µ
3 − 66µ2 + 20µ− 50)x+ − 4(6µ4 + 3µ3 − 12µ2 + 6µ− 5)
)
+ x2
(
3x5+ − (3µ+ 20)x4+ +
(−16µ2 + 28µ+ 50)x3+ + (40µ3 + 2µ2 − 44µ− 65)x2+
+ 2(12µ4 − 72µ3 + 49µ2 − 2µ+ 24)x+ − 16− 24µ5 + 16µ4 + 78µ3 − 76µ2 + 22µ
)
+ x(x+ − 1)
(
x5+ − 8x4+ + (−8µ2 + 8µ+ 22)x3+ + 4(10µ2 − 8µ− 7)x2+
+ (24µ4 − 64µ3 − 2µ2 + 20µ+ 20)x+ − 4(12µ4 − 26µ3 + 14µ2 − 3µ+ 2)
)
− (x+ − 1)2
(
x4+ − 4x3+ + (−8µ2 + 4µ+ 6)x2+ + 4(4µ2 − 2µ− 1)x+
+ 24µ4 − 40µ3 + 18µ2 − 4µ+ 2
)]
, (26)
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|MQuartic|2 = e
2λ23
M2
H0
(x+ − 1)2(x+ x+ − 1)2(1− µh)2[
2µx4 + 4µx3(x+ − 1) + x2(4µx2+ + 12µ2x+ − 12µx+ + x+ − 12µ3 − 8µ2 + 7µ− 1)
+ x(12µ2 − 4µ+ 1)(x2+ − 3x+ + 2)− (12µ2 − 4µ+ 1)(x+ − 1)2
]
, (27)
2Re
(
MGaugeM†Quartic
)
=
2e2g2µλ3
M2
H0
(x+ − 1)2(x+ x+ − 1)2(1− µh)(x+ − 2µ)(2µ+ x+ x+ − 2)[
x4(1− x+) + x3
(
x2+ + (3− 12µ)x+ + 6µ2 + 9µ− 4
)
+ x2
(
4x3+ − 3(4µ+ 3)x2+
− 6µ(2µ− 7)x+ + 12µ3 − 27µ+ 5
)
+ x(x+ − 1)
(
2x3+ − 10x2+ + 2(−6µ2 + 9µ+ 4)x+
+ 24µ2 − 30µ+ 3
)
− (x+ − 1)2
(
− 12µ2 + 12µ+ 2x2+ − 4x+ − 1
)]
, (28)
where µh =
M2
h
s
=
M2
h
4M2
H0
. Notice that the interference term is proportional to µ and it
is therefore subdominant. Under the same approximation, the corresponding parts of the
velocity weighted cross-section are given by
d(σv)
dx
∣∣∣∣∣
Gauge
= − e
2g4
128π3M2
H0
(1− 2µ)3 (29)
×
[(
2− 4x+ 6x2 − 4x3 + x4 − 10µ+ 16xµ− 20x2µ+ 8x3µ+ 16µ2 − 20xµ2 + 18x2µ2 − 8µ3 + 8xµ3
(2− x− 4µ)2 (1− 2x+ x2 − 4µ+ 6xµ− x2µ+ 4µ2 − 4xµ2)
+
1 + x2 − 4µ+ 6µ2
x2(1− µ)
)
x(1− x)(1− µ)(1− 2µ)A(x)
+
1
x(1− x− 2µ)
(
x4 − 2x3(1− 2µ)(1− µ) + x2(3− 4µ) (1− 4µ+ 6µ2)
−2x(1 − 2µ)2 (1− 4µ+ 6µ2)+ (1− 2µ)3 (1− 4µ+ 6µ2)
)
B(x)
+
1
(2− x− 4µ)3(1− x− 2µ)
(
x6 − 2x5(1− 2µ)(4− µ)− 2x4(−12 + 53µ− 71µ2 + 24µ3)
−4x3(9− 57µ+ 136µ2 − 142µ3 + 52µ4)− 2x2(1− 2µ)2(−14 + 54µ− 87µ2 + 46µ3)
−4x(−1 + 2µ)3(−3 + 8µ− 13µ2 + 6µ3) + 4(1− 2µ)4(1− 2µ+ 3µ2)
)
C(x)
]
, (30)
16
d(σv)
dx
∣∣∣∣∣
Quartic
=
32e2M2H0λ
2
3
128π3
(
4M2
H0
−M2h
)2
×
[
−
(
1− x
x
)(
1− 2x2 − 4µ+ 12µ2)A(x) + (1− x− 2µ
x
)(
1− 4µ+ 12µ2)B(x)] ,
(31)
d(σv)
dx
∣∣∣∣∣
Interference
=
16e2g2λ3µ
128π3
(
4M2
H0
−M2h
) [−3(1− x
x
)
A(x)
+
(
x4 − x3(7− 13µ)− 15x(1− 2µ)3 + 6(1− 2µ)4 + 2x2 (8− 31µ+ 30µ2)
x(2− x− 4µ)(1− 2µ)(1− x− 2µ)
)
B(x)
+
(
x3 − (1− 2µ)2 + x2(−3 + 5µ) + x (2− 6µ+ 4µ2)
(2− x− 4µ)(1− 2µ)(1− x− 2µ)
)
C(x)
]
, (32)
where
A(x) =
√
1− 4µ
1− x, B(x) = log
[
1 + A(x)
1− A(x)
]
, C(x) = log
[
2− x+ A(x)x− 4µ
2− x−A(x)x− 4µ
]
.
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